Abstract: Germin-like proteins (GLPs) are ubiquitous plant glycoproteins (belonging to the cupin super family) that play diverse roles, including abiotic stress resistance in many plant species. To identify the molecular functions underlying abiotic stress responses, the expression of germin-like protein encoding genes of soybean GmGLPs was analyzed. qRT-PCR analyses of 21 GmGLPs transcripts abundances were conducted in soybean leave tissues. The results showed that GmGLPs transcripts were highly abundant upon treatments with high salinity, PEG6000, abscisic acid (ABA) and methyl viologen (MV). The peaks of transcript copiousness induced by PEG6000 and NaCl were mostly observed after 18 h, while some genes expressed earlier than 4 h after abiotic stress treatment. A specific GmGLP7 gene, that was highly abundant under salinity, drought, ABA and MV conditions, was further characterized. The ectopic overexpression of GmGLP7 (Glyma.08G226800.1) in transgenic Arabidopsis enhanced drought, salt, and oxidative tolerance and resulted in hypersensitive phenotypes toward ABA-mediated seed germination and primary root elongation, compared to the wild-type. Taken together, these results suggest that GmGLP7 positively confers abiotic tolerance in plants.
also produce germin and germin-like proteins. They have been found in several dicots, including Mesembryanthemum cristallinum (Michalowski et al. 1992) , Arabidopsis thaliana (Carter et al. 1998) , Sinapisalba (Heintzen et al. 1994) , and Pinus caribaea (Domon et al. 1995) .
GLPs belong to the cupin super family that has been found in Archaeon, bacteria, and eukaryotes. The main attribute of cupins is the formation of a small β-barrel (Dunwell et al. 2008; Lane et al. 1991) . Representative cupin proteins include phosphomannose isomerases, polyketide synthases, sucrose binding proteins, auxin binding proteins, and seed vicilins.
Germin-like proteins play a significant role in plant development and defense. GLP genes can express in various organs (like leaves, roots, and floral tissues) and under different physiological conditions (like seed germination, stress, and pathogen attack) (Membré et al. 2000) . Germins may be induced by IAA, NaCl, salicylate, methyl jasmonate, methyl salicylate, pathogen attack, abscisic acid, and certain abiotic stresses such as AI +3 , Cd +2 , CU +2 , and Co +2 (Berna and Bernier 1999; Hamel et al. 1998) . GLPs protect plants against the impacts of abiotic and biotic stresses (Bernier and Berna 2001) .
Recently, a majority of GLPs have been demonstrated to be oxalate oxidases or superoxide dismutase (Christensen et al. 2004; Tabuchi et al. 2003) , which catalyze the oxalate, resulting in the production of hydrogen peroxide. Hydrogen peroxide acts as an anti-microbial agent and a secondary messenger in plant defense responses (Bolwell and Wojtaszek 1997; Ebel and Mithofer 1998) . Amino acid identities of GLP proteins between different family members ranged from 25 to 100% (Bernier and Berna 2001) . In total, 32 GLP genes have been identified in Arabidopsis, 17 GLPs have been identified in hexaploid wheat, and at least 8 GLP mRNAs were expressed in rice (Dunwell et al. 2008; Membré et al. 2000; Zimmermann et al. 2006) . At least 21 different GLP gene sequences are available in soybean databases that were reported by our lab (Lu et al. 2009 ). Although information about GmGLP EST copiousness and RNAseq is available, little is known about the expression of GmGLPs in defense under abiotic stresses. To assess the diverse expressions of the 21 GmGLP genes under abiotic stresses (subjected to salinity, drought, abscisic acid (ABA), methyl viologen (MV) treatments) at different early developmental points, the transcript profusions were measured by qRT-PCR. Furthermore, the characteristics of one specific GmGLP gene, GmGLP7 (Glyma.08G226800.1) were analyzed. The results provided a clearer picture for the abiotic stress responses of GmGLP genes.
Materials and Methods

Plant materials, growth conditions and stress treatments
Soybean cultivar "L28," provided by Northeast Agricultural University, Harbin, China, was used throughout the study. Plants were treated by different stresses at the ternated leaf stage (V2). For salt and drought stress assays, seeds were germinated in pots containing Vermiculite TM and the roots of the seedlings were immersed into 1/2 Murashige and Skoog (MS) liquid medium supplemented with 200 mM NaCl or 8% (w/v) PEG6000 (polyethylene glycol). The plants that were transplanted into 1/2 MS liquid medium were used as the control. The leaves were sampled at 0, 2, 6, 12, 24, and 48 h after transplanting. For ABA and MV stress assays, soybean seedlings were sprayed respectively with 200 mM ABA dissolved in 0.01% (v/v) ethanol and 0.02 mM MV in 0.1% (v/v) Tween20. The mock treatments were sprayed respectively with water including the dissolved solution. Leaves were harvested at 0, 2, 6, 12, 24, and 48 h. After each treatment the leaves were immediately picked up and frozen in liquid nitrogen and stored at −80°C for RNA preparation.
Total RNA was extracted using RNAiso kit (Takara, Japan) from leaves according to manufacturer instructions. RNA integrity was verified by electrophoresis using 1% agarose gels in TAE buffer, followed by treating with RNase-free DNase I (Promega, Madison, WI, USA) to remove any residual DNA. Total RNA (1 μg) was used to reverse-transcribe mRNAs to cDNA using a 20 μL volume of oligodeoxythymidine primer using the PrimeScript TM RT reagent Kit protocol (TaKaRa, Japan). Exactly 1 μL of the synthesized cDNAs were diluted to 10 μL with sterile water and 1 μL of that was used as the template for qRT-PCR.
qRT-PCR
qRT-PCR was carried out in an Opticon TM 2 machine (Bio Rad, California, USA) using a qRT-PCR SYBR MASTER MIX Kit (TOYOBO, Japan). The primers of the 21 coding sequences chosen for qRT-PCR are given in Supplementary Table S1 .
PCR was performed in a total volume of 20 μL, containing 10 μL of SYBR Green qRT-PCR Master Mix, 0.5 μM of each forward and reverse primer, and 1 μL of cDNA template. Actin4 gene was used as an internal control. The amplification was completed using the following cycling parameters: 94°C for 1 min followed by 45 cycles of 94°C for 10 s, 60°C for 12 s, 72°C for 18 s and 1 s at 81°C for plate reading. A melting curve was generated for each sample at the end of each run to serve as an assessment of purity for the amplified products. Two independent experiments (biological replicates) of the qRT-PCR were carried out to ensure the reproducibility of the results. The data were analyzed by Livak method and expressed as normalized expression ration (2 −ΔΔCT )
of particular gene to specific stress treatment. Expression ratio was calculated as ΔΔCT = ΔCT (gene) −ΔCT (Actin); ΔCT (gene) = ΔCT (transgenic line) −ΔCT (control plant); ΔCT (Actin) = ΔCT (transgenic line)-ΔCT (control plant).
Generation of transgenic Arabidopsis plants
The complete coding sequences of GLPs were PCR-amplified from cDNA of soybean cultivar "L28" using the primers (forward primer: 5′-AGATCTGCAACAAATAGTAACCAAGAA-3′, reverse primer: 5′-GGTAACCAACGTTGAGGAAGTTAAATAGA-3′) that introduced a Bgl II and a Bst E II sites at the 5′end and the 3′end, respectively to derive the PCR products of GLPs into the pCAMBIA3301 expression vector. The vector contained a CaMV 35 S promoter, the polyadenylation signal (3′NOS-T) and the bar gene as a selectable marker. Agrobacterium-mediated (LBA4404) transformation was performed via the floral dipping technique of Arabidopsis thaliana (ecotype Col-0) (Clough and Bent 1998) . Transgenic plants were selected on MS medium containing 5 mg/L phosphinothrycin and the expression of GmGLP7 in transgenic lines was confirmed by RT-PCR (forward primer: 5′-TTCTTTATGTTGTTGTTC-3′, reverse primer: 5′-TTGAAATGGCTAACTGTA-3′).
Expression of GmGLP7-transgenic Arabidopsis and phenotypic analyses under the stresses of ABA, salt and drought All seeds of wild-type (Col-0) and transgenic Arabidopsis were surface-sterilized in NaClO (10%) for 7 min, rinsed five times with sterile water. Seeds were placed on MS medium supplemented with different concentrations of ABA (0, 0.1, 0.5 1 μM) at 4°C for 72 h before placed at room temperature (22°C). Germination rates were recorded daily. For stresses of salt, drought and ABA, Arabidopsis was grown on normal MS medium, and then transferred to MS medium containing different concentrations of NaCl (0, 100, 150, 200 mM) or mannitol (0, 150, 200, 300 mM), or ABA (0, 0.1, 0.5, 1, and 3 mM). After 10 days incubation, the scale of root elongation was measured. The experiment was repeated three times.
The phenotypic analyses of GmGLP7-transgenic Arabidopsis plants in response to the oxidative stress
The leaves of both 2-week-old WT and transgenic Arabidopsis plants were incubated in regular MS or MS solution with 6 μmol L −1 methyl viologen (MV). The tissues were illuminated (600 μmol m −2 s −1 ) for 24 h at 25°C in a light incubator. Because most of the damages are light dependent (Slooten et al. 1995) , the oxidative damage caused by MV that is a PSI electron acceptor is mainly found in chloroplasts, presumably in the vicinity of PSI. Therefore, chlorophyll retention in the leaves were measured. Leaf chlorophyll content was determined spectrophotometrically after extraction of fresh plant material with 80% acetone as described by Arnon (1949) . Absorption of the extracts was measured at 663 and 645 nm.
Results
Transcript profile of soybean GmGLP genes in response to abiotic stresses
The mRNA abundance of 21 GmGLPs under the stress of drought, salt, MV, exogenous ABA was assayed with gene-specific primers by qRT-PCR. The results showed that the transcript abundance patterns of GmGLP4, 8, 9, 12, 19, 20 were not changed during 48 h treatment by different drought stresses, whereas, the transcript profusions levels of GmGLP5, 7, 10, 14, 15 were rapidly increased. GmGLP1, 5, 7, 10, 15, 18 were highly abundant after 18 h drought treatment. Among them GmGLP7 reached a peak (11-fold abundance), and the relative induction levels were greater than GmGLP15 (13-fold) (Fig. 1A) . While under high-salt conditions, the transcript abundance pattern of most GmGLPs were similar to that of drought treatments, but the peak was reached at 24 h after stress treatment began. The peak abundance was 6 h later than that of 8% PEG (6000) treatment, a higher concentration of PEG (Fig. 1A) . With the above two stresses, the peak abundances of the GmGLPs were found at 24 and 18 h after treatment.
The transcript richness of GmGLP7 and GmGLP15 were gradually increased by ABA treatment. The highest abundance appeared at 12 h after ABA treatment, reaching nearly 35-fold (GmGLP7) and 37-fold (GmGLP15) respectively. GmGLP18 was progressively increased by MV on leaves, and the highest abundance appeared at 12 h, while the highest abundance of GmGLP7 appeared at 48 h (30-fold) (Fig. 1A) . These results indicated that GmGLPs were involved in ABA-mediated signaling pathways.
GmGLP5, 7, 10 showed high abundance on the heat-map when induced by PEG, NaCl, ABA, and MV (Fig. 1B) . Based on the above results, GmGLP7 was chosen to conduct further analyses for the functions involved in abiotic stress tolerance. Expression patterns of GmGLP7 were shown in Fig. 2 . The peaks could be clearly observed at 12, 18, 24, and 48 h under ABA, PEG, NaCl, and MV treatments respectively. ABA could higher induce the transcription of the GmGLP7 gene than other stress conditions.
Phenotypic analyses of GmGLP7-transgenic Arabidopsis plants in response to salt, drought, and ABA stresses
The plant expression vector pCAMBIA3301-GmGLP7 was constructed, in which the GUS gene was replaced by GmGLP7 gene (Fig. 3A) . Sixteen transgenic Arabidopsis lines were regenerated in the presence of phosphinothricin. All lines appeared to have normal development. A 683-bp amplified fragment confirmed the expression of GmGLP7 in transgenic lines. RT-PCR results showed that the transcript abundances of transgenic lines GLP7-3 and GLP7-6 were higher than WT (Figs. 3B and C) .
To assess the functional roles of GmGLP7 in response to abiotic stresses, the seed germination rate of GmGLP7-transgenic plants were evaluated under the conditions of salt (NaCl), ABA, and drought stresses. The germination rate of Arabidopsis declined rapidly when treated with a higher concentration of ABA. Transgenic lines were more sensitive to ABA, but displayed the same tendency of decreasing germination as WT while using higher concentrations of ABA (Fig. 4A) . The 10-day-old WT and transgenic seedlings were transferred onto MS medium containing 0, 0.1, 0.5, 1, and 3 μM ABA. After 10 days, root and leaf growth of WT seedlings were retarded, whereas, growth inhibition was more pronounced for transgenic lines (Figs. 4B and C) . Secondary root lengths of GmGLP7-6 line exhibited severe reduction (up to 68%) under ABA stress. However, the root length reduction observed in transgenic plants was compensated by an increase in root number under ABA stress (Fig. 4B) . The results demonstrated that Arabidopsis plants transformed with GmGLP7 gene were hypersensitive to ABA.
After 10 days of treatment on MS medium containing 0, 150, 200, and 300 mM mannitol and 0, 50, 100, 150, and 200 mM NaCl, the root and leaf growth of WT seedlings were strongly retarded, whereas the GmGLP7-transgenic plants were healthier with more green cotyledons (Figs. 5 and 6 ). Root lengths of WT plants were dramatically shortened under drought and salinity stresses, whereas the transgenic plants were less inhibited. Transgenic seedlings were able to produce the fourth leaves under the salt and drought stresses, but the leaf development of WT seedlings was stopped at the secondary leaf stage. GmGLP7-transgenic plants , The heat-map of GmGLP abundance highly induced by PEG, NaCl, ABA, and MV at 12, 18, and 24 h. qRT-PCR assay of the accumulation of GLPs transcripts in response to 8% PEG6000, 200 mM NaCl, 200 mM ABA, and 0.02 mM MV treatment. The abundances of transcripts were normalized to that of Actin, and the GLPs transcript in the control was set at 1.0. Values were the mean ± SE (n = three experiments). showed improved tolerance under high salinity and drought stresses during early seedling development, suggesting that GmGLP7 confers abiotic stress tolerance in plant.
Evaluation of GmGLP7-transgenic Arabidopsis under oxidative stress
Oxidative tolerance of seedlings was observed in the leaf discs of GmGLP7-transgenic Arabidopsis plants under MV stress (Fig. 7) . No difference in the levels of chlorophyll was observed between GmGLP7 transgenic lines and WT under normal growth conditions. Treatment with 6 μmol L −1 methyl viologen (MV) strongly inhibited the leaf greening of the WT plants. Leaf discs of transgenic plants suffered less inactivation of "photosystem II" (PSII) than WT plants, indicating a significantly higher content of chlorophyll after MV treatment.
Discussion
Plant GLP genes constitute a large multigene family and express in diverse patterns. Consistent with the GLP families of other species, including Arabidopsis, barley, and rice (Carter and Thornburg 2000; Druka et al. 2002; Dunwell et al. 2008; Membré and Bernier 1998) , sequence alignment showed that 21 soybean GLP genes are similar to the members of the germin-like protein family (Lu et al. 2009 ). Germin and its related group of germin-like proteins (GLPs), which include the first crystal structure of extracellular superoxide dismutase (SOD), are implicated in the response of plants to many pathogens such as powdery mildew, and to abiotic stresses including exposure to heat, salt, submergence, and aluminum toxicity (Woo et al. 2000; Zimmermann et al. 2006 ), which provide compelling direct and indirect evidence that germin and GLPs represent a new family of extracellular SODs, leading to the generation of H 2 O 2 that are involved in the response of plants to biotic and abiotic stress (Druka et al. 2002; Zimmermann et al. 2006) . To determine whether the GmGLPs were induced by abiotic stresses, the mRNA abundance of 21 GmGLPs genes were detected under four kinds of abiotic stress treatments using qRT-PCR. The transcript abundance analysis showed that most of GmGLPs mRNAs were concomitantly inducible in response to diverse abiotic stresses in the soybean leaves.
To elucidate the contribution of GmGLP7 to abiotic stresses, transgenic Arabidopsis plants that overexpressed GmGLP7 gene were generated. The plant hormone ABA has been reported to regulate interacting signaling pathways involved in plant responses to several abiotic stresses such as salt and drought (Druka et al. 2002) .
When plants are exposed to environmental stress, the root tips are usually the first to encounter the new environment. Here, the results indicated that transgenic Arabidopsis overexpressing GmGLP7 showed a significantly increased tolerance to various stresses including drought and high salinity at the seedling stage, and the transgenic plants had longer roots, suggesting a positive role of them in protecting plants against abiotic stresses.
ABA serves as an endogenous signal molecule to sense the environmental stress under adverse conditions. In previous studies, only a few reports were available on the genetic connection between GLPs and ABA-mediated stress responses (Wang et al. 2013) . The results further showed that the germination rate and roots length of WT Arabidopsis were inhibited by ABA treatment more than that of the GmGLP7-transgenic lines. These results indicated that GmGLPs were involved in ABA-mediated 
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Root length (cm) Germination (%) signaling pathways. In future work, the expression of ABA-responsive genes such as ABF3, ABI4, and CBF signaling pathway genes will be analyzed to provide more evidences of GmGLPs involved in ABA-dependent or ABA-independent signaling pathways. GLPs members have been confirmed to have oxlate oxidase functions, and MV is widely used as a source of superoxide radicals that impose oxidative stress to plant cells (Bolwell and Wojtaszek 1997; Woo et al. 2000) . The present results exhibited that chlorophyII contents both in WT and transgenic leaves were decreased under MV condition, however the green color of WT leaves decrease more rapidly than that of the transgenic leaves (Fig. 7) , suggesting that GmGLP7 was protecting photosystem II to against the damage imposed by MV.
In conclusion, the copious transcripts of GmGLP genes were induced by ABA, PEG6000, NaCl, and MV. The overexpression of GmGLP7 in transgenic Arabidopsis showed improved tolerance to various abiotic stresses, including high salinity, drought, ABA, and MV, implying a potential application of this gene in future improvement of plant tolerance against severe environments. The functional analyses of more GmGLP genes are our next work. The overexpression or suppression of these genes in soybean will be ideal for uncovering a more comprehensive picture of the role of GmGLP in plant stress tolerance and defense response. , The chorophyll contents in leaf discs after treated with 6 μmol L −1 MV (three leaf discs per plant were used for each MV concentration). Asterisks indicate a significant difference between the transgenic lines and WT (*P < 0.05; **P < 0.01). . .
